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complex, has a hexagonal arrangement consisting of an α3β3 ring and
the γ subunit [1]. The γ subunit is a central shaft of this motor enzyme
and has a coiled-coil structure of N- and C-terminal α-helices and a
globular domain. In the case of cyanobacterial and chloroplast ATP
synthase, the γ subunit has a unique 30-40 amino acid sequence in
this globular domain. In the previous study, we prepared the mutant
α3β3γ complex of cyanobacterial ATP synthase whose inserted
sequence was deleted [2,3]. Although the insertion is far from catalytic
sites, the mutant complex shows a remarkable increase in ATP
hydrolysis activity. We revealed that this activation was caused by a
reduced tendency to lapse into ADP inhibition. Based on this study, we
postulated that deletion of the insertion induces a conformational
change of the γ subunit that results in a change of the activity. To prove
the hypothesis, we prepared a mutant complex which can lock the
possible conformational change by a disulﬁde bond formation. Con-
sequently, the obtained mutant showed a signiﬁcant change in ATP
hydrolysis activity by the disulﬁde bond formation. Highly active locked
complex was insensitive to LDAO, suggesting that the complex is resis-
tant to ADP inhibition. In addition, the lock of conformational change
affected ε inhibition. These results strongly suggest that the conforma-
tional change in the γ subunit can regulates the activity by changing
bothADP inhibition and ε inhibition,which are thought to be regulatory
mechanisms to prevent a wasteful ATP hydrolysis.
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Since a half century ago it has been known that IF1, an evolu-
tionarily well-conserved mitochondrial protein, can inhibit the ATP
hydrolysis activity of FoF1-ATP synthase (FoF1). Extensive in vitro
biochemical works have established functional aspects of IF1 but little
is known about how it modiﬁes rotational catalysis of FoF1 and how it
plays its physiological role in living cells and animals.
(1) We expressed human F1 in Escherichia coli cells and observed
the rotation of single human F1 molecules. Driven by ATP
hydrolysis, human F1 rotates very fast, over 1000 rps at 37C,
with pauses at new angular positions different from those of
well-studied thermophilic F1. IF1 stops rotation irreversibly at
the pausing angle of MgADP inhibition and the forced reverse
rotation (to the direction of ATP synthesis) resumes rotation.
(2) IF1-knock-down human culture cells show normal glucose
consumption, mitochondrial ATP synthesis and growth. Contrary
to previous reports, the morphology of mitochondria in IF1-KD
cells appears to be normal. When cells encounter sudden
dissipation of pmf, the cytoplasmic ATP level in IF1-KD cells drops
transiently while it remains unchanged in the control cells. When
cells are exposed to reactive oxygen, IF1 alleviates cell injury.
(3) IF1-knock-out mouse was generated. Unexpectedly, the IF1-KO
mice grow and breed normally. Response to starvation is also
normal. No obvious changes in morphology of cells and of
organelle including mitochondria are observed. We conclude
that IF1 is not an essential protein for mouse. We are seeking
the conditions under which IF1 plays a critical role.
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We succeeded in visualizing proton gradient formation via ATP
synthase embedded in an artiﬁcial lipid bilayer membrane. The
difference in the transmembrane ionic concentration, which is formed
by many ion-transporting membrane proteins that exist on the cell
membrane, is an essential energy source for life activity. However, the
mechanism of ion pumping proteins is not well understood owing to
the difﬁculties in handling membrane proteins and the limited
methods for measuring their activity. We have developed a system
to reconstitute an artiﬁcial lipid bilayer membrane under a micro-
scope [1]. In this system, ATP synthase is reconstituted, and proton
translocation activity is visualized as pH changes in the presence of
ATP. For visualizing pH variation, pH-sensitive ﬂuorescent dye ﬁxed
on a cover slip was used. Comparison of ﬂuorescence intensity with
andwithout ATP showed that the intensity was higher in the presence
of ATP. Further, ﬂuorescence intensity increased when ATP was added
during observation. The reason for this observation may be that ATP
synthase hydrolyzes ATP, transports protons between the lipid bilayer
membrane and the glass plate, and then acidiﬁes locally. In this result,
we succeeded in visualizing proton pump activity of ATP synthase in
vitro. In the future, we would like to visualize proton transportation at
the single molecule level of ATP synthase to clarify the dynamics of
proton transport.
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Bacterial FOF1-ATP synthase is ubiquitous enzyme that synthesizes
ATP using a proton motive force generated by the respiratory chain.
Although this enzyme possesses ATP hydrolysis activity (reverse
reaction) the primary function is generation of ATP. The ε subunit is
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proposed as a regulator of the enzyme to avoid wasteful ATP hydrolysis.
The regulatory function has been studied biochemically, but not
physiologically. Here, physiological importance of the regulation with
the ε subunit was investigated by using E. coli and B. subtilis mutants
which is defective in the regulatory domain of the subunit.
In E. coli, a strain without the ε regulation showed lower growth
rate without any other changes in cellular parameters (ex. Cellular
ATP pool, membrane potential) in high- or low-salt conditions
compared to wild type. When the wild type and the mutant strains
were co-cultured and kept in stationary-phase in the low-salt
condition, the mutant showed 1-log decrease in cell survival
compared to the wild type after 28 days, suggesting an inability to
compete with the wild type in the condition.
In the B. subtilismutant of the ε–regulation, although no defect was
observed in its growth in various conditions including the high- and
low-salt conditions, themutantwere less efﬁcient to form colonies after
heating in stationary-phase in normal minimal medium, suggesting
that the mutant is deﬁcient to form heat-resistant spores. While
germination and outgrowth from puriﬁed spores seemed to be normal,
spore yield decreased in themutant. These results show that themutant
has impaired spore formation ability.
This study in general suggests that the ε–regulation beneﬁts the
survivability of the cells in some unfavorable environments.
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In nature the regeneration of ATP is accomplished by the highly
complex, proton-driven membrane protein ATP-Synthase1. For the
production of ATP the ATP-Synthase requires a membrane energized
via a proton gradient. Therefore, the membrane-integrated protein
Bacteriorhodopsin can be used, which is able to transform light
energy into a proton gradient2,3.
The aim of this work is to establish a lipsome-based system
with integrated E. coli ATP-Synthase and Bacteriorhodopsin from
Halobacterium salinarum. After illumination Bacteriorhodopsin should
acidify the liposome interior and thus provide the engery for the ATP-
Synthase. As a consequence, the ATP-Synthase should produce ATP in
the presence of adenosindiphosphate and phosphate.
All required components for the liposome system were produced
in a high purity:
• E. coli ATP-Synthase was overexpressed and puriﬁed
• Bacteriorhodopsin was isolated from Halobacterium salinarum
• Phosphatidylcholine liposomeswith deﬁned size (diameter: 100 nm
to approx. 10 μm) were produced via extrusion or electroswelling
Bacteriorhodopsin was reconstituted into the liposomemembrane
in the correct direction to pump protons into the liposome interior.
To track intravesicular pH changes generated by Bacteriorhodop-
sin, the ﬂuorescence-based measurement of pH in the liposome was
established using the pH-dependent ﬂuorescent dye pyranine.
Finally, illumination of the Bacteriorhodopsin liposome system
resulted in a time-dependent acidiﬁcation of the liposome interior.
This membrane energization is the precondition for the ATP-
synthesis to regenerate ATP.
ATP-regenerating liposomes can provide energy for a broad range
of biological processes, e.g cell-free protein synthesis.
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V1-ATPase, the hydrophilic domain of V-ATPase, is a rotary motor
fueled by ATP hydrolysis. Having 3 catalytic sites, 3 step – rotation is
observed at low [ATP] and in each 120º step, ATP binding and hy-
drolysis occur at same angle. Previously, some biochemical studies
indicated the presence of a strongly-inhibited state of V1-ATPase,
which was analyzed at single molecule level, in this study. Here we
showed that Thermus thermophilus V1-ATPase had two types of inhib-
itory pauses interrupting continuous rotation: a short pause (SP,
4.2 s) that occurred frequently during rotation and a long inhibitory
pause (LP, N30 min) that terminated all active rotation. Both pauses
occurred at the same angle with ATP binding and hydrolysis. Kinetic
analysis revealed that the time constants of inactivation into and
activation from SP were too short to correspond to biochemically pre-
dicted ADP inhibition, suggesting that SP is a newly identiﬁed
inhibitory state of V1. The time constant of inactivation into LP was
17 min, consistent with one of the two time constants governing the
inactivation process observed in bulk ATPase assay. When forcibly
rotated in the direction of rotation by using magnetic ﬁeld, V1 in LP
resumed active rotation. Including ADP in chamber buffer suppressed
the probability of mechanical activation, suggesting that mechanical
rotation enhanced inhibitory ADP release. These features were highly
consistent with mechanical activation of ADP-inhibited F1, suggesting
that LP represents the ADP-inhibited state of V1. Mechanical activa-
tion largely depended on the direction and angular displacement of
forced rotation, implying that V1-ATPase rotation modulates the off
rate of ADP.
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